The plethora of changes associated with immunosenescence radically alters virtually all aspects of immune responsiveness. How this transformation effects resolution of an infectious challenge is addressed in this study. A well-established infection model was used; Trichuris muris, a cecum-dwelling helminth, is natural to mice, and infection in different strains results in clearly polarized responses. A dominating T helper 2 (Th2) response orchestrates immunity, whereas a Th1 response will result in susceptibility. Mice between 19 and 28 months old were more susceptible to infection, whereas 3-month-old mice of the same strain demonstrated the resistant phenotype. The cytokine response made by these aged mice was clearly altered at the site of infection, and within the local draining lymph nodes higher Th1 and lower Th2 cytokine levels were found, both at the protein and RNA level. Confirming these changes, aged mice also showed a delayed parasite-specific immunoglobulin G1 response and intestinal mastocytosis, both of which are driven by Th2 cytokines. To address possible causes of the observed immune deviation, purified CD4 cells from both young and aged mice were stimulated in vitro. Cells from aged mice did not respond to stimulation via CD28 and in vitro were less able to proliferate and polarize into Th2 cells; Th1 polarization was found to be normal. Together these data suggest that changes in cytokine phenotype, particularly CD4 cells, contribute to the observed age-associated switch from T. muris resistance to susceptibility.
Understanding changes occurring within an ageing immune system is essential if public heath authorities are to be equipped to manage an ageing population. Specifically, knowledge of altered immune responses to infectious agents is required if rational clinical interventions are to be tailored to these ageing individuals.
The catalogue of changes occurring within the immune system of the ageing individual is extensive, with major changes in T-cell responses (reviewed in reference 36), including increasing frequency of memory phenotype cells (19, 50) , clonal exhaustion (52, 53 ; reviewed in reference 41), thymic involution (45) , and disrupted costimulation (9, 18) . Interleukin-2 (IL-2) production is reduced (40) , and the Th1-Th2 cytokine balance is disrupted. Previous work studying T-cell cytokine responses from aged individuals has largely been done in vitro, often resulting in conflicting data (27, 33) .
The in vivo balance between Th1 and Th2 cytokines is critical with respect to the control of certain diseases; models of allergic asthma (35, 49) and rheumatoid arthritis (47) have demonstrated that the deregulation of cytokine balance can lead to increased autoimmune pathology. Studies manipulating Th1, Th2 cytokines within parasitic disease models have provided major insights into the pivotal role cytokine phenotype can play in the regulation of disease severity (reviewed in reference 4). A dominating type 2 response is required to expel intestinal parasites Trichinella spiralis, Nippostrogylus brasiliensis, Heligmosomoides polygyrus, and Trichuris muris, with type 1 cytokines being associated with increased susceptibility in mice. In the T. muris infection model (24) , a dominating type 1 response, whether natural to the mouse strain or induced in a resistant strain by the addition of anti-IL-4 receptor monoclonal antibodies (MAbs) (14) or murine recombinant IL-12 (3), results in chronic infection. Thus, an age-associated deregulation of T-helper-cell subsets and subsequent changes within the large intestine may have serious consequences for the control of infection, particularly parasitic disease.
Here we use this well-defined in vivo intestinal parasite infection model to address this issue, helping to define which T-helper response is initiated in response to an infectious agent in the ageing animal and establishing the consequences of any changes in terms of immunological and immunopathological responses to the parasite. Using in vitro techniques we investigate possible causes of any observed age-related changes in host parasite immunity.
Data presented here demonstrate the ageing mouse is phenotypically different from the young animal, with increased susceptibility to chronic T. muris infection, due largely to a reduced Th2 and increased Th1 cytokine response. These changes are clearly evident within both the large intestine (immunologically and pathologically) and the associated draining lymph nodes with associated systemic antibody effects. The naïve gut environment of the ageing animal was also found to be more proinflammatory, with higher IL-18, tumor necrosis factor (TNF) alpha, and gamma interferon (IFN-␥) mRNA levels. In vitro data demonstrate a defect in ageing T-cell costimulation and the subsequent ability of the cells to differentiate into Th2 effector cells.
MATERIALS AND METHODS

Mice.
A colony of ageing C57BL/Icrfa t mice are maintained as a pure inbred line at the University of Manchester; the survival characteristics of these animals have been described in reference 12. Mice 19 to 28 months old were used with sex-matched 3-month-old mice; all experiments used group sizes between four and eight. The colony of ageing mice has been kept under pathogen-free con-ditions and monitored for the last 28 years. All aspects of physiology and health are constantly assessed, and the animals are currently housed in individual ventilated cage racking systems. Animals were screened for abnormal gross pathology such as lymphomas prior to inclusion in the study; all work was performed under the regulations of the Home Office Scientific Procedures Act (1986).
Parasites. T. muris was maintained as previously described (51) . Mice were orally infected with ϳ150 infective eggs on day 0, and parasite burdens were assessed on days 11, 21, and 35 postinfection (p.i.) as described previously (16) . T. muris excretory-secretory antigen (ES Ag) was prepared from adult worms following 4 h in in vitro culture; the resulting supernatant was concentrated, sterilized, and assayed for protein concentration by the Lowry assay (38) .
Cell culture, antibody, and cytokine reagents. Mesenteric lymph nodes (MLN) were removed aseptically, and a single-cell suspension was created in RPMI 1640 (supplemented with 10% fetal calf serum, 2 mM L-glutamine, penicillin [100 U/ml], streptomycin [100 g/ml; GIBCO BRL], and 60 M monothioglycerol [Sigma Chemical Co.]). MLN cells at 5 ϫ 10 6 cells/ml were cultured in the presence of of T. muris ES Ag (50 g/ml) at 37°C for 24 h. Anti-IL-4 receptor (M1) MAb (5 g/ml) was added to aid detection of IL-4 within the supernatants (C. Maliszewski, Immunex Co., Seattle, Wash.). Cells were pelleted, and supernatants was stored at Ϫ20°C.
Each supernatant was assayed by sandwich enzyme-linked immunosorbent assay (ELISA) for the presence cytokines: IL-4, using MAb BVC4-1D11 and BVD6-24G2.3; IL-5, using MAb TRFK.5 and TRFK.4 (PharMingen); IL-9, using MAb 229.4 (E. Schmitt, University of Mainz) and 2C12 (J. Van Snick, Ludwig Institute of Cancer Research, Brussels, Belgium); IL-12, using MAb C15.6 and C17.8 (G. Trinchieri, Wistar Institute, Philadelphia, Pa.); and IFN-␥, using MAb R46A2 and XMG1.2 (PharMingen). A sample was considered positive if the optical density was more than the mean ϩ 3 standard deviations of 16 control wells containing medium alone, quantified using commercially available recombinant murine cytokine standards.
Serum was assayed by capture ELISA for parasite-specific immunoglobulin G1 (IgG1) and IgG2a as described in reference 17. Briefly, Immulon 96-well plates (Dynex) were coated with 5-g/ml T. muris ES Ag and incubated with serum diluted through eight serial 2-fold dilutions from 1:20 to 1:2,560. Parasite-specific Ig was detected using biotinylated anti-murine IgG1 (Serotec) and IgG2a (PharMingen).
Histology and immunohistochemistry. For quantifying mastocytosis within the large intestine, ϳ3 mm of gut was taken from the cecal tip of each animal and fixed in Carnoys fluid (39) . This tissue was embedded in wax, sectioned at 5 m, dewaxed, and stained in toluidine blue (BDH) for 24 h. Mastocytosis was assessed as the number of mast cells per 20 crypt units; mast cells were counted in two sections per animal.
To visualize IFN-␥ within the gut, cecal snip specimens ϳ7 mm in length were washed in phosphate-buffered saline, embedded in OCT (Sakura Finetechnical Co.), snap frozen in isopentane (BDH), cooled in liquid nitrogen, and stored at Ϫ80°C. Frozen sections were cut at 3 m, dried, stained using biotinylated anti-mouse IFN-␥ MAb (XMG1.2 PharMingen), and visualized with 3,3Ј-diaminobenzidine (Dako). Sections were counterstained with Haemalum (Mayer's) (DBH), dehydrated, and mounted using DePeX (DBH). Positive staining intensity range was identified and quantified using Scion Image software.
Cell proliferation. Analysis of in vitro cell proliferation was carried out in 96-well tissue culture plates (Nunc) using MLN cells, isolated as described above. Cells were cultured at 2 ϫ 10 4 cells/well (to reduce cellular interactions) in the presence or absence of plate-bound anti-mouse CD3ε (PharMingen) at 3 g/ml and soluble anti-mouse CD28 (PharMingen) at 10 g/ml for 72 h. [6- 3 H] thymidine was added after 48 h. Fluorescence-activated cell sorter (FACS) analysis was performed both before and after in vitro stimulation using MAbs for murine anti-CD4, anti-CD8, and anti-CD28 (PharMingen). CD4 ؉ purification, 5-6-carboxyfluorescein diacetate, succinimidyl ester (CFSE) labeling, and Th1 Th2 polarization. CD4 ϩ cell purification was carried out by negative beading; MLN cells were isolated as described above, resuspended at 2 ϫ 10 7 cells/ml, and incubated on ice for 30 min with anti-CD8 and anti-B220 MAbs (10 g/ml; PharMingen). Cells were then washed and resuspended with goat anti-rat IgG magnetic particles (Dynex), and beaded cells were removed magnetically. Remaining cells were incubated for 30 min in standard tissue culture flasks, and adherent cells discarded. The CD4 ϩ purity of the remaining cells was ascertained using FACS analysis with murine anti-CD4 phycoerythrin-conjugated MAb; 90 to 98% CD4 ϩ populations were typically obtained.
CFSE labeling (54) was performed at 37°C on cells resuspended in phosphatebuffered saline at 10 7 cells/ml. A 5 M concentration of CFSE was added for 15 min, fetal calf serum was added to stop the reaction, and the cells were washed and resuspended at the required concentration. Th1 and Th2 cultures were set up with young and aged CFSE-labeled CD4 ϩ cells at 10 5 cells/ml. Plate-bound anti-CD3ε was used at 3 g/ml, and soluble anti-CD28 was used at 10 g/ml. Th1 polarization was induced using recombinant murine IL-12 (5 ng/ml) and anti-murine IL-4 MAb (11B11) (20 g/ml). Th2 polarization was induced by adding recombinant murine IL-4 (50 ng/ml) and anti-murine IFN-␥ MAb (XMG1.2) (50 g/ml). Cocultures were harvested on days 2, 3, 4, 5, and 6 postisolation for FACS analysis, and additional cells harvested on day 3 were washed and restimulated; supernatants were removed after a further 24 h and assayed for archetypal Th1/Th2 cytokines.
RNA purification and RPA. Cecal tissue snap frozen in Trizol (Life Technologies) was thawed and homogenized. RNA was precipitated using chloroform and isopropanol; the pellet was then washed with 75% ethanol and redissolved. To ensure high purity, RNA was reprecipitated with phenol-chloroform (GIBCO), mixed with 100% ethanol and 3 M sodium acetate (pH 5.5), freezethawed, redissolved in water, quantified, and stored at Ϫ80°C. RNA was checked for two intact ribosomal bands on a 2% agarose-ethidium bromide gel. For RNase protection assay (RPA) a custom-made Riboquant template (BD PharMingen) was used to assay for mRNA levels of IL-4, IL-9, IL-12, IL-12R␤2, IL-13, IL-18, TNF, IFN-␥, and glyceraldehyde-3-phosphate dehydrogenase. Probe synthesis was done using 32 P-labeled UPT (Amersham Pharmacia Biotech) and a Riboprobe kit and T7 polymerase (Promega). A 10-g of sample RNA was hybridized with radiolabeled antisense probe at 56°C over night, digested with RNases, and purified, and protected radiolabeled RNA was resolved on a denaturing sequencing gel. Exposing the dried gel to a phosphorimaging screen and visualizing fragments using a Molecular Imager FX System (Bio-Rad Laboratories) enabled protected mRNA to be quantified. All samples were normalized with respect to the intensity of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase.
Statistics. Significant differences (P Ͻ 0.05) between two experimental groups were determined using the Student's t test.
RESULTS
Young C57BL/Icrfa t mice expel T. muris.
We have previously demonstrated that C57BL/6 mice expel the intestinal parasite T. muris by day 35 p.i., with restimulated MLN cells producing a strong type 2 cytokine response with high levels of IL-4, IL-5, IL-9, and IL-13 and low levels of IL-12 and IFN-␥ (5). Here we investigate whether young C57BL/Icrfa t mice, originally derived from the C57BL/6 inbred line more than 25 years ago, still maintain the C57BL/6 phenotype.
Three-month-old C57BL/Icrfa t mice infected with T. muris exhibit normal worm expulsion kinetics (Fig. 1) , with only residual worms remaining within the cecum by day 35 p.i.. Worm expulsion correlated with a typical resistant phenotype; increases in type 2 cytokines, parasite-specific IgG1, and total IgE; and, within the cecum, mastocytosis, eosinophilia, and goblet cell hyperplasia (data not shown). These data suggest young C57BL/Icrfa t and C57BL/6 mice do not significantly differ in their response to T. muris infection.
Worm expulsion is delayed in ageing C57BL/Icrfa t mice. To determine whether ageing affects the immune response we investigated the ageing host's ability to respond to the intestinal parasite. Rates of establishment of L1 or L2 T. muris larvae 10 days p.i. in both young (3-month-old) and aged (19-monthold) mice were comparable (data not shown); similar numbers of worms also remained within both groups 21 days p.i. (Fig. 2) . By day 35 p.i. young mice, in comparison to aged mice, had a reduced number of worms remaining within the cecum. Despite the difference in worm number not being significant, there was a clear difference in worm morphology; worms remaining within young animals showed damage (stunted growth), indicative of immunologically driven expulsion (also noted in the previous experiment), whereas a number of aged mice had chronically infected guts with in excess of 100 undamaged sexually mature worms. Altered cytokine production within both MLN and large intestine of aged mice. A chronic T. muris infection is associated with a Th1-dominated phenotype (3). Using MLN cells taken at day 21 p.i., restimulated with T. muris ES Ag, and cecal tissue snap frozen at the time of autopsy, we investigated whether the observed higher worm burdens seen in aged mice correlated with an altered cytokine response.
Analysis of Ag-specific cytokine production day 21 p.i. reveals 19-month-old C57BL/Icrfa t mice produce a reduced IL-4 and IL-5 response. In contrast the type 1 response indicative of host susceptibly is enhanced in aged mice, with significantly higher levels of IL-12 p40/p75 and IFN-␥ (Fig. 3) . Naïve controls show a mixed phenotype, with MLN cells from aged mice spontaneously producing higher levels of IL-4, IL-5, and IL-12.
Quantification of RNA isolated from cecal tissue using RPA (Fig. 4A) indicates a proinflammatory environment in the naïve ageing gut, with significantly higher levels of IFN-␥ and TNF alpha and a 3.7-fold increase in IL-18 mRNA; the type 2 cytokine IL-13 was significantly reduced, IL-9 was unchanged, and IL-4 mRNA was undetectable. Tissue from day 21 p.i. showed a 2.2-fold increase in IL-18 mRNA in aged mice; all other cytokines were not significantly different (data not shown).
By using immunohistochemical staining for IFN-␥ on sectioned cecum, it was possible to visualize a type 1 cytokine in host tissue that is directly associated with the parasite (Fig.  4B) . In naïve 19-month-old C57BL/Icrfa t mice, levels of IFN-␥ staining within the cecum were significantly greater than those in 3-month-old controls, mirroring the observed difference seen in cecal IFN-␥ mRNA (Fig. 4C) . Interestingly, staining for IFN-␥ protein was also significantly higher in the infected ageing animal, despite IFN-␥ mRNA levels remaining similar to those in young controls. Together these data indicate a reduced Th2 response within the draining lymph nodes and an enhanced Th1 cytokine response occurring in both the cecum and the MLN of the infected ageing host.
Parasite-specific antibody production and intestinal mastocytosis were delayed and reduced in aged mice. An altered cytokine response to T. muris has previously been shown to have downstream effects on the parasite-specific antibody isotype generated, with IgG1 production indicating a polarized type 2 response (8). Intestinal mastocytosis, though not essential for expulsion (7) is also indicative of type 2 cytokines (20). Here we investigate whether the observed age-associated shift in cytokine phenotype and subsequent altered expulsion of T. muris affected serum parasite-specific antibody isotype and the mast cell infiltrate within the large intestine.
By day 21 p.i. 19-month-old mice produced significantly less parasite-specific IgG1 than young control C57BL/Icrfa t mice (Fig. 5) , corroborating the observed evidence for a reduction in type 2 cytokines seen in these animals at this time point. By day 35 p.i. there was no significant age-related difference in both parasite-specific IgG1 and IgG2a (data not shown), indicating that in aged mice the Ig response was delayed rather than reduced. Cecal mastocytosis was also significantly reduced within infected 19-month-old mice by day 21 p.i. (Fig. 6) ; this trend was still evident day 35 p.i..
Effects of age on ␣CD3/CD28-induced cell proliferation. Previously it has been shown that both murine and human T cells have a possible defect in CD28-mediated costimulation as they age. Human cells become CD28 negative (45), whereas on October 15, 2017 by guest http://iai.asm.org/ mice maintain the cell surface protein but become unresponsive to anti-CD28 MAb costimulation (9) . Several in vivo murine studies have indicated that reduced CD28 signaling in activated T cells profoundly affects maturation and the resulting cytokine production, with zero or weak signaling being associated with elevated type 1 cytokines (29, 46). Here we investigate whether lymphocytes from our colony of ageing C57BL/Icrfa t mice show a similar phenotype to that seen in other ageing mice (9) .
Plate-bound anti-CD3ε MAb stimulated MLN cells from naïve 26-month-old C57BL/Icrfa t mice showed no significant increase in proliferation rate with the addition of soluble anti-CD28 MAb; however, proliferation rate induced by anti-CD3ε MAb alone was significantly higher than that seen in young cells. In contrast, MLN cells from naïve 3-month-old C57BL/Icrfa t mice receiving anti-CD3ε/CD28 stimulation showed a 27-fold increase over proliferation induced with anti-CD3ε MAb alone (Fig. 7) . These data suggest aged cells from C57BL/Icrfa t mice become unresponsive to CD28 costimulation but are compensated to some degree by an increased ability to proliferate via anti-CD3ε-mediated stimulation alone.
Unresponsiveness to anti-CD28 MAb seen in aged cells was not due to reduced expression of surface CD28 on MLN cells. Both young and aged CD4 ϩ (Fig. 8) and CD8 ϩ cells (data not shown) stained with similar intensity for CD28, with both age groups showing a similar up regulation in CD28 staining intensity after 48 h of in vitro anti-CD3ε stimulation.
Altered cellular growth kinetics of aged cells under type 2 polarizing culture conditions. In an attempt to assess whether the observed deficiency in anti-CD28 costimulation has any ϩ MLN cells and stimulated them under polarizing culture conditions. Aged cells at day 4 postisolation, when stimulated with plate-bound anti-CD3ε MAb alone, showed a higher proliferative rate, with increased numbers of CFSEpositive cells undergoing five, six, and seven divisions (Fig. 9A) . This was similar to results obtained with [6- 3 H]thymidine incorporation in the previous experiment. With the addition of anti-CD28 MAb, the difference in proliferative rate between young and aged cells is less clear; however, larger populations of aged cells at division cycles 0, 1, and 2 indicate a subpopulation of slower-dividing cells. The addition of anti-CD28 had little effect on the division rate of aged cells again reflecting what was found in the previous experiment.
Under Th1 polarizing culture conditions, both young and aged CD4
ϩ cells divide at a comparable rate, with similar numbers of CFSE-positive cells in all division subgroups. A Th2 culture environment induced fewer aged cells to divide, with lower numbers of CFSE-positive cells undergoing four, five, and six divisions and larger populations remaining at the zero-, one-, or two-cell-division stage. These different trends in proliferative rate found in aged and young cells were also evident at days 3 and 5 postisolation (data not shown).
Cytokine release from cocultures also at day 4 postisolation shows young CD4 ϩ cells (Fig. 9B) were clearly able to polarize, becoming Th1 or Th2 cells under the correct culture conditions. The addition of anti-CD3ε and anti-CD28 alone generated young cells of an intermediate phenotype, producing equal amounts of IL-4 and IFN-␥. Aged CD4 ϩ cells (Fig. 9C ) clearly polarized towards the Th1-cell lineage, producing a similar pattern of high IFN-␥ and low IL-4, as seen in young cells. However aged cells grown under Th2 culture conditions were less able to effectively differentiate into Th2 like cells, with lower IL-4 production than young controls and higher IFN-␥ production. When stimulated with anti-CD3ε and anti-CD28 or anti-CD3ε alone, aged cells also produced higher levels of IFN-␥ than young controls, implying a predisposition of aged CD4 ϩ cells to the Th1 lineage. Taken together these data indicate that aged CD4 ϩ MLN cells are less able to differentiate into Th2 cells, proliferating at a lower rate and producing an intermediate cytokine profile when grown in Th2 polarizing culture conditions. Aged Th1 cells show no such deficiency, with cell proliferation and cytokine polarization being similar to young controls.
DISCUSSION
Using both in vivo and in vitro investigative tools, this study demonstrates that age-associated immunological change within the gut mucosa and associated lymphatics is of critical significance with respect the control of intestinal parasitic disease. Furthermore, we identify defects in the development of Th2 polarization and an over expression of Th1 type cytokines within the gut as possible causes of the observed increase in susceptibility.
Resistance to T. muris is genetically determined (13) , with different inbred mouse strains exhibiting a range of responses from highly resistant through to complete susceptibility. Typical for the C57/BL6 strain, young animals from an independently maintained colony of ageing C57/BL6icrfa t mice (12) expelled the parasite, whereas genetically identical animals 19 to 28 months old demonstrated increased susceptibility. Thus, ageing, within the same inbred strain, has caused the animal to mount either an attenuated or misdirected immune response to infection.
In order to expel T. muris from the gut, previous investigators (15) have highlighted the importance of a Th2 response, with associated cytokines IL-4 and IL-13 (5) playing critical roles, whereas a Th1 response with high levels of IL-12 and IFN-␥ enables adult worms to establish within the cecum (3). The fate of the Th1/Th2 cytokine balance within the ageing animal has been addressed in a growing number of studies. Work with both humans and mice shows ageing T cells can produce more IFN-␥ (27, 31,) and less IL-4 (34, 43, 48) , others have indicated the opposite, with reductions in IFN-␥ (1, 25, 37) and more or the same IL-4 (27, 42) . A possible cause of these inconsistencies in the literature is differences in the methods used for in vitro stimulation. To help resolve this issue, the present study provides in vivo data on age-associated T-cell changes in the context of a well-established infection model, supplying direct measurements of changes in cytokine balance within host tissue. In accordance with the observed increase in susceptibility, T. muris-infected aged mice switched cytokine phenotype, with MLN Ag-restimulated cells producing more Th1 type cytokines (IL-12 and IFN-␥) and less IL-4. Interestingly cells from aged naïve control animals within the same experiment appear more activated, spontaneously producing higher levels of IL-4, IL-5 and IL-12.
These data from naïve cells match some observations previously recorded in the literature, but not others (27, 42) . One possible factor accounting for these variations in cytokine responses may be differences in animal husbandry experienced by these animals during the course of their extended life spans. ϩ cells within the MLN, and IL-2 production do not show the same age-associated decline as seen elsewhere (6, 11, 21, 32) . However, reduced numbers of Th2 cells and lower levels of Ag-specific IgG and IgA have been noted within the GALT (22, 28) . To ascertain whether these reported changes within the GALT influence the immune response occurring in the context of parasite invasion of intestinal mucosa and to confirm whether the altered cytokine milieu seen is real and not an artifact of ex vivo restimulation we looked directly at cytokine protein and mRNA production within cecum.
Using image analysis of immunohistochemically stained cecal tissue, we verified that within both the ageing naïve and infected mouse there were higher levels of IFN-␥, mirroring the observed increase found in the MLN. Quantitative RPA from homogenized whole-gut tissue further confirmed the proinflammatory environment of the ageing naïve gut, with higher mRNA levels found for IFN-␥, tumor necrosis factor alpha, and IL-18. Interestingly, levels of IL-12 and IL-12R␤2 message within both young and aged gut tissue were identical, suggesting the observed age-associated high levels of cecal IFN-␥ protein and mRNA may be due to the significantly higher levels of IL-18 and not IL-12.
By examining antibody production and cecal pathology we can assess age-associated changes in the T-cell response to the parasite. Our data here demonstrate that during infection, an ageing animal produces a delayed parasite-specific IgG1 response and a reduced intestinal mastocytosis, both of which are regulated by type 2 cytokines. It is not possible at present to rule out other unrelated age-associated causes for these data. For example a previous study has called into question the ability of the ageing spleen to act as an adhesive substratum (2); this may also be true of the high endothelial venules within the ageing gut, thus accounting for the reduced number of infiltrating mast cells. Also, despite B-cell number and total serum Ig remaining constant within the ageing animal (55), the level of Ag-specific antibody (44) declines with age. These reports could account for the reduced parasite-specific IgG1 observed here; however, in this case the Ag-specific IgG response did recover at a later time point. Despite these findings from other authors the most consistent explanation for these data remains the observed changes in cytokine environment. Further work will be required to confirm this.
It has been known for some time in both mice and humans that CD28-driven T-cell proliferation becomes defective with increasing age (9, 45) . Data presented here confirm that this occurs in CD4 ϩ cells from aged C57BL/Icrfa t mice, despite CD28 cell surface expression and up regulation being comparable to those in young controls. It has been suggested that strength of CD28 signaling in response to certain antigenic stimuli can alter the subsequent differentiation of Th2 cell populations (23) . In the case of in vivo parasite infection studies using N. brasiliensis (26) , Leishmania major (10), Schistosoma mansoni (30) , and T. muris (unpublished data), a dependence on CD28 signaling for effective Th2-cell generation has been demonstrated. Here we have shown that aged CD4 ϩ T cells have inherent differences in their Th1 and Th2 polarization. Cells grown under Th2 culture conditions stimulated via CD3 and CD28 show a reduced proliferative rate and an inability to effectively produce the archetypal Th2 cytokine profile; these defects were not found in aged cells grown under Th1 conditions. Reduced CD28 costimulation can cause a weakened Th2 polarization and such a correlation appears to occur in these data from aged T cells. Thus, the age-related in vitro defect in CD28 costimulation and subsequent Th2 polarization may in vivo alter the initiation of a T-cell response to T. muris and result in the altered cytokine phenotype seen in infected aged mice.
This study consolidates the concept that an ageing animal is less able to generate a successful Th2 type response to an infectious challenge. Our data also for the first time extend this trend to the ageing gut environment with increased Th1 cytokines found in cecal tissue. Proliferative responses to CD28 costimulation and resulting differences in cytokine profile in Th1/Th2 polarizing culture conditions suggests that ageing T cells in vitro are also less able to differentiate into Th2 cells. Thus, in the ageing host this switch in cytokine response together with reduced Ag-specific antibody and intestinal mastocytosis results in greater susceptibility to the natural enteric pathogen T. muris.
